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Resistance to neutralization is an important characteristic of primary isolates of human immunodeficiency
virus type 1 (HIV-1) that relates to the potential for successful vaccination to prevent infection and use of
immunotherapeutics for treatment of established infection. In order to further elucidate mechanisms respon-
sible for neutralization resistance, we studied the molecular mechanisms that determine the resistance of the
primary virus isolate of the strain HIV-1 MN to neutralization by soluble CD4 (sCD4). As is the case for the
global neutralization resistance phenotype, sCD4 resistance depended upon sequences in the amino-terminal
heptad repeat region of gp41 (HR1), as well as on multiple functional interactions within the envelope complex.
The functional interactions that determined the resistance included interactions between the variable loop 1
and 2 (V1/V2) region and sequences in or near the CD4 binding site (CD4bs) and with the V3 loop. Addition-
ally, the V3 loop region was found to interact functionally with sequences in the outer domain of gp120, distant
from the CD4bs and coreceptor-binding site, as well as with a residue thought to be located centrally in the
coreceptor-binding site. These and previous results provide the basis for a model by which functional signals
that determine the neutralization resistance, high-infectivity phenotype depend upon interactions occurring
across the surface of the gp120 core structure and involving variable loop structures and gp41. This model
should be useful in efforts to define epitopes that may be important for primary virus neutralization.

Resistance to antibody-mediated neutralization of infectivity
is characteristic of naturally occurring strains of human immu-
nodeficiency virus type 1 (HIV-1) that have not been manip-
ulated in the laboratory (15, 18). Such strains are commonly
referred to as primary isolates. This property is a limiting
factor with respect to efforts to develop a vaccine that may
protect by induction of potent neutralizing antibodies. Induc-
tion of potent neutralizing antibodies is a common property of
successful viral vaccines (26). Insights into the mechanisms of
neutralization resistance of primary isolates of HIV-1 may
indicate possible approaches to neutralization of such viruses
and facilitate vaccine development.

Our laboratory has previously reported studies of the MN
strain of HIV-1 that have begun to address this issue (14,
21–23). The original isolate of the MN virus was propagated in
a continuous T-cell line and is considered T-cell line adapted
(TCLA) (12, 30). It is unusual among both primary and TCLA
strains of HIV-1 in its high sensitivity to neutralization by
antibodies in sera of infected patients and monoclonal anti-
bodies (MAbs) against multiple linear and conformation-sen-
sitive epitopes on the envelope glycoproteins (4, 7, 40, 48). In
an early study a neutralization-resistant variant of this strain
was studied that was produced by growth of the MN strain
virus in the presence of a highly neutralizing human serum
(22). Through evaluation of env genes cloned from the parent

strain (MN-TCLA) and neutralization-resistant virus (MN-E6),
it was determined that the neutralization resistance was due to
mutations that altered functional interactions between gp120
and gp41 (21–23). Moreover, the responsible mutations in-
cluded amino acid substitutions in the CD4 and putative co-
receptor binding domains of gp120 and in the first heptad
repeat (HR1) of gp41. Based on the requirement for sequences
in gp41 for phenotypic effects of mutations in gp120 and the
additional observation that neutralization resistance was cor-
related with high infectivity, it was considered likely that the
mechanism responsible for neutralization resistance depended
upon enhanced efficiency of envelope mediation of virus-cell
membrane interactions.

More recently, studies have been conducted involving env
clones derived from primary MN virus (MN-P) (14, 45). The
MN-P clone is substantially more neutralization resistant and
infectious than MN-E6. Specifically, MN-E6 differs from MN-
TCLA in each phenotypic characteristic by approximately 10-
fold, while MN-P differs from MN-TCLA by 250- to 1,000-fold
in the two characteristics. Both of these characteristics of MN-
P again depend upon sequences in HR1 but also require
specific sequences from other regions of env. Functional
interactions were demonstrated between HR1 and the amino
terminus of gp120, the carboxy terminus of gp120, and the
carboxy terminus of gp41, each of which contributed to the
neutralization-resistant, high-infectivity phenotype (14). Among
numerous clones constructed for studying the genetic bases for
these phenotypic characteristics, there is a very strong corre-
lation between neutralization resistance and infectivity. The
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neutralization resistance is global, in the sense that it pertains
to neutralization by MAbs directed against conformation-sen-
sitive epitopes in the CD4 binding site (CD4bs), the putative
coreceptor-binding site, and variable region 3 (V3). These
comparisons of MN-P and MN-TCLA confirmed and extended
the previous evidence that the mechanism of neutralization
resistance involves functional interactions throughout multiple
regions of the envelope glycoprotein complex, with HR1 play-
ing a central role, and that it results from enhanced efficiency
of function of the envelope in mediating interaction between
the virus and cell membrane.

The manner in which mutations causing neutralization re-
sistance affect interaction of gp120 with CD4 is of interest.
Primary isolates are commonly resistant to neutralization by
MAbs directed against the CD4bs, with the exception of high
concentrations of MAb b12 (8, 17, 20, 35, 36, 38, 39, 49, 50). It
has recently been shown that a portion of the antigen-combin-
ing site of b12 projects deeply into the pocket of the CD4bs
(34). Thus, epitopes within the pocket may be accessible to
b12, but not as readily to other MAbs. Steric constraints on
MAb binding to the CD4bs pocket may not apply to soluble
CD4 (sCD4), since the latter is monomeric and less bulky. At
one point, it had been hoped that sCD4 might be useful as a
competitive inhibitor of HIV-1 infection in vivo. Unfortunate-
ly, that did not turn out to be the case. Many primary isolates
of HIV-1 were found to be resistant to neutralization by sCD4,
and exposure of the viruses to sCD4 in vitro often resulted in
enhanced infectivity (9, 18). With a rare exception, HIV-1
requires CD4 binding in order to infect target cells (45). There-
fore, the association of resistance to neutralization by sCD4
with enhanced infectivity would seem paradoxical, if the mech-
anism of resistance to sCD4 neutralization involved decreased
ability of the HIV-1 envelope to interact with CD4. An alter-
native mechanism is suggested by our previous studies. The
MN-P clone is approximately 50-fold more resistant to neu-
tralization by sCD4 than is MN-TCLA (14, 45). The MN-P
envelope was found to undergo a substantial gp120-gp41 dis-
sociation response to sCD4 binding, whereas no such response
was observed with MN-TCLA. These findings raise the possi-
bility that capacity to undergo conformational change in re-
sponse to CD4 binding may be a basis for primary virus resis-
tance to neutralization by sCD4.

A large number of distinguishing mutations makes analysis
of the genetic bases for differences in phenotypic characteris-
tics between the MN-P and MN-TCLA clones somewhat com-
plex (14, 45). The clones differ from each other at approxi-
mately 8% of amino acid residues. However, many of the
mutations can be considered in groups, based on their spatial
relationships to each other, as surmised by consideration of the
published atomic structures of parts of gp120 and gp41. Such a
grouping was useful in identification of a number of residues
clustered in the inner domain that form a putative gp41-bind-
ing site on gp120 (14). The present report describes the use of
a similar approach to evaluation of the genetic bases for the
resistance of MN-P to neutralization by sCD4. As was the case
for the global neutralization resistance phenotype, in general,
resistance to sCD4 neutralization was found to depend on
interactions between sequences in the amino- and carboxy-
terminal halves of gp120 with the gp41 HR1 domain, although
HR1 sequences did not in themselves cause the phenotype.

Surprisingly, seven mutations in gp120 located in or near the
CD4 binding pocket contributed a relatively small effect to
resistance to sCD4 neutralization. The contribution of muta-
tions in the amino-terminal half of gp120 to sCD4 resistance
appeared to be due to interactions between V1/V2 and muta-
tions near the CD4bs, while the contribution of mutations in
the carboxy-terminal half appeared to be due to interactions of
V3 with residues in the gp120 outer domain distant from the
CD4bs or coreceptor-binding site. The resistance was also
modulated by interaction between V1/V2 and V3. Mutations
that determined interaction between the proximal limb of V3
and the gp120 core outer domain also determined a global
neutralization resistance phenotype. The mechanism of resis-
tance to neutralization by sCD4 appears to be based on similar
interactions between regions of the envelope glycoprotein
complex that determine global neutralization resistance in gen-
eral. The interactions demonstrated in these studies between
different domains of the envelope suggest the possibility that
the neutralization resistance, high-infectivity phenotype may
depend upon interactions occurring across the surface of the
envelope glycoprotein complex. Such a mechanism may ex-
plain, at least in part, how functional interactions within the
envelope complex may occur at a distance. Moreover, the
studies reveal how targeted mutagenesis may be used to mod-
ify the immunological reactivity of conserved neutralization
epitopes that may be important for primary virus neutraliza-
tion and may have implications for elucidation of the mecha-
nisms of HIV entry into cells.

MATERIALS AND METHODS

MAbs. The human MAbs specific for the CD4bs, CD4-induced epitopes, and
the V3 loop (15e, 48d, and 19b, respectively) were gifts from James Robinson (2,
5, 19, 37, 44). The following antibodies were obtained through the National
Institutes of Health AIDS Research and Reference Reagent Program: anti-
CD4bs human MAbs b12 (provided by D. Burton and C. Barbas [3, 6, 32]) and
F105 (provided by M. Posner [24, 25]).

Plasmid constructs and chimeric env plasmid construction. Envelope genes
from the primary MN strain (MN-P) and the TCLA MN strain (MN-TCLA)
have been described previously (12, 14, 22, 45). Additional mutant envelope genes
were constructed to contain specific segments or sequences of each of the parental
genes. The construction of chimera C has been described previously (14). Chi-
mera P was constructed by replacing the V1/V2 region sequence of chimera C
with the corresponding sequence from MN-P. To prepare for construction of
chimera P, an EcoRV site was introduced by mutagenesis into the MN-P se-
quence at nucleotide 636. The DraIII-EcoRV sequence from the modified MN-P
sequence was transferred into the corresponding site of chimera C. Chimera
P/7CD4bs (defined below) was constructed by transferring the EcoRV-SacI
fragment from chimera C/7CD4bs (defined below) into the corresponding site of
chimera P.

Site-directed mutagenesis. Mutagenesis procedures were carried out by using
primers designed with single or double nucleotide changes and Pfu polymerase
(Quick Change mutagenesis kit; Stratagene) according to the instructions of the
manufacturer, as described previously (11). The reactions were performed in an
automated thermal cycler (Perkin-Elmer model 2400; Perkin-Elmer Corp., Nor-
walk, Conn.). Nucleotide sequences of each mutation introduced were confirmed
by sequencing by the ABI PRISM dye terminator method (Perkin-Elmer).

Pseudovirus construction and assays for infectivity and neutralization.
Pseudoviruses expressing envelope glycoproteins derived from various env plas-
mids were constructed by using pSV7d-env and pNL4-3.Luc.E-R- plasmids, as
described previously (14, 21–23, 27, 28, 45, 46). Briefly, the env plasmid and
pNL4-3.Luc.E-R- DNAs were cotransfected into 30% confluent 293T cell cul-
tures by the calcium phosphate method (Promega, Madison, Wis.). The culture
medium was replaced with fresh medium containing 1 �M sodium butyrate at 18
to 24 h posttransfection. At 44 to 48 h after transfection, the pseudovirus-
containing supernatants were harvested, filtered through a 45-�m-pore-size ster-
ile filter (Millipore Corp., Bedford, Mass.), supplemented with additional fetal
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bovine serum to a final concentration of 20%, and stored at �80°C if not used
immediately. To measure the infectivity of pseudoviruses, a luminescence assay
with HOS-CD4-CXCR4 cells was used as previously described. HOS-CD4-
CXCR4 cells (104 cells/ml) were inoculated with a serially diluted pseudovirus in
96-well plates with flat-bottomed wells. The cultures were incubated for 3 days at
37°C with 5% CO2, after which the cells were washed with 150 �l of phosphate-
buffered saline (pH 7.4) and lysed with 15 �l of cell lysis buffer (Promega) for 30
min. The amount of luciferase activity in each well was determined with 50 �l of
substrate (Promega) in an EG & G Berthold MicroLumat Plus luminometer
(Wallac, Inc., Gaithersburg, Md.).

The neutralization phenotype of each pseudovirus was tested in a manner
similar to that of the infectivity assay, except that aliquots of serially diluted
serum or antibody were mixed with appropriately diluted pseudovirus and incu-
bated for 1 h at 4°C, after which HOS-CD4-CXCR4 cell suspensions were added
and incubated for 3 days at 37°C with 5% CO2.

Locations of the gp120 core mutations in the gp120 atomic structure. The
portable document format file used for the gp120 atomic structure is from the
Protein Data Bank, 1GC1 (13), and was drawn with PC Molecule 2 (version
2.0.0; Molecular Ventures, Inc.). Figures representing the locations of the mu-
tations were drawn with PC Molecule 2 (version 2.0.0) and with Corel Draw
(version 8.369).

RESULTS

Regions of the MN-P gene contributing to resistance to
neutralization by sCD4. Studies previously reported from this
laboratory demonstrated that the neutralization resistance,
high-infectivity phenotype of the MN-P clone is dependent
upon functional interactions between sequences from the re-

FIG. 1. Schematic representations of recombinant env genes used for analysis of the genetic basis for resistance to sCD4 neutralization.
(A) Gene organization. (B) Structure of chimeric genes used in the study. Segments of each clone derived from MN-TCLA are shown as shaded
bars, and segments derived from MN-P are shown as white bars. The nature of mutations introduced by site-directed mutagenesis is indicated, with
locations noted by vertical lines. Construction of the clones and mutagenesis procedures are described in Materials and Methods.
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gion of the MN-P gene encoding the gp41 HR1 with sequences
in other regions of gp120 and gp41. Figure 1 illustrates the
structure of chimeric genes C, F, A, GC, and HC, which we
used in that previous study, as well as the neutralization titers
reported therein with an HIV-1 immune human serum and
viruses pseudotyped with the respective envelopes. Figure 1
also illustrates the structures of additional chimeric genes
which were used in the present study to analyze intramolecular
interactions that determine resistance to neutralization by
sCD4. Chimera C has MN-P HR1 region sequences in the
MN-TCLA backbone. Chimera F is the reciprocal construct,
with the MN-TCLA HR1 region in the MN-P backbone. The
amino terminus of gp120, the carboxy terminus of gp120, and
the carboxy terminus of gp41 from MN-P were each intro-
duced into chimera C to form chimeras HC, GC, and A,
respectively. These three chimeras were used so that we could
evaluate whether functional interactions between different re-
gions of gp120 or gp41 and the HR1 region contributed to
resistance to neutralization by sCD4. The reasons for construc-
tion of chimeras P and R, shown at the bottom of Fig. 1, will be
discussed below. As shown in Fig. 2, chimera GC was signifi-
cantly more resistant to neutralization by sCD4 than was chi-
mera C but less resistant than was MN-P. Chimeras A and HC
were similar to chimera C. These results suggested that func-
tional interactions between the carboxy-terminal half of gp120
and HR1 contributed to resistance to neutralization by sCD4
but that interactions not reflected in the chimeric genes in-
cluded in these comparisons also contributed to the resistance.

Amino acid substitutions in the segment of gp120 contrib-
uted by MN-P to chimera GC. The distribution of mutations
distinguishing MN-P from MN-TCLA throughout the linear
sequences of the genes and on the core structure of gp120, as
described by Kwong et al. (13), is illustrated in Fig. 3 and 4.
There were four distinguishing amino acid substitutions in V3
and 12 additional substitutions in the segment of MN-P gp120
included in chimera GC (amino acids 284 to 474 of MN-P).

Seven of the 12 non-V3 substitutions were seen on the model
of the atomic structure (Fig. 4) to be in or near the CD4
binding pocket of gp120. Two of these, N/D290 and E/K435,
involved amino acids that aligned with residues shown by
Kwong et al. to form direct contacts with CD4 (13). Two other
mutations, KQ/NP371-2 and N/E466, affected residues imme-
diately adjacent to residues that form direct contacts with CD4.
In addition, six of the seven substitutions involved charge al-
terations (D/N287, N/D290, K/N371, E/K435, N/E466, and
N/D472), and three involved gain or loss of potential N-linked
glycosylation sites (D/N288, K/N371, and N/E466). Of the re-
maining five gp120 core substitutions in the segment from
amino acids 284 to 474, but not within or in high proximity to
the CD4bs, one is believed to be located in the center of the
coreceptor-binding site (I/V426) (31). This mutation was seen
previously in the MN-E6 clone and did not, by itself, confer
resistance to neutralization by sCD4 in that context. The re-
maining four mutations in this segment are located on the
surface of the gp120 outer domain, distant from the CD4 and
coreceptor-binding sites. Based on these considerations we
hypothesized that mutations in or near the CD4 binding pocket
altered sensitivity to neutralization by sCD4 through substitu-
tions at residues that directly bond CD4 or at adjacent residues
that modify their interactions with CD4, such as through
charge alterations, or by alteration of glycosylation sites that
may have steric effects on CD4 binding.

Effects of mutations in and near the CD4bs on resistance to
neutralization by sCD4. To test our hypothesis regarding the
significance of mutations in or near the CD4bs, we pursued a
strategy using chimera C as a platform for testing the effect of
other mutations on resistance to neutralization by sCD4. The
comparative sensitivities to neutralization by sCD4 of MN-
TCLA, MN-P, and chimera C are shown near the top of Fig. 5.
We have previously described the MN-P clone as being more
than 50-fold more resistant to sCD4 neutralization than the
MN-TCLA clone (14, 45). In most of the assays represented in
Fig. 5, the maximum concentration of sCD4 used was 1.0
�g/ml, so that neutralization of MN-P was not achieved. Based
on the assays reported here we calculated that the MN-P clone
was at least 20-fold more resistant than MN-TCLA. Chimera C
was not significantly more resistant to neutralization by sCD4
than was MN-TCLA. The seven mutations located in and near
the CD4bs that distinguished MN-P from MN-TCLA were
introduced into chimera C, singly and in various combinations,
as shown in Fig. 5. Only small differences between chimera C
and any of these mutants were noted, including the clone of
chimera C containing all seven of the mutations (this clone is
referred to subsequently as chimera C/7CD4bs). These results
indicated that the resistance of MN-P to neutralization by
sCD4 was not due primarily to changes in the CD4bs, negating
our hypothesis.

Effects of non-CD4bs mutations on resistance to neutraliza-
tion by sCD4. We next considered the possible importance of
mutations represented in chimera R with respect to resistance
to neutralization by sCD4. Chimera R was of interest because
of previous studies that demonstrated that mutations in the
amino terminus of gp120 determine a functional interaction
with HR1 sequences that confers an sCD4 response phenotype
(14). MN-TCLA has a high spontaneous gp120-gp41 dissocia-
tion phenotype but does not display enhanced dissociation

FIG. 2. Neutralization by sCD4 of viruses pseudotyped with the
envelopes of MN-P (�) or chimera A (E), GC (■ ), HC (}), or C (F).
Neutralization sensitivities of MN-TCLA (data not shown) and chi-
mera C were similar. Assays were performed in triplicate, and results
shown are means obtained at each sCD4 concentration. Control lumi-
nescence was determined based on infections performed in the ab-
sence of sCD4. Essentially identical results were obtained in two sim-
ilar experiments.
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consequent to sCD4 binding. In contrast, MN-P has a low rate
of spontaneous gp120-gp41 dissociation, which is increased
substantially by sCD4 binding. Chimera R has a gp120-gp41
dissociation phenotype like MN-P. The mutations that distin-
guish chimera R from chimera C include the four mutations
that can be seen to cluster in the inner domain in Fig. 3
(D/N91, N/K243, T/S245, and P/S249), as well as two that are
in the extreme amino terminus of gp120 and not visualized in
the crystallographically determined gp120 core structure (V/
A64 and Q/E84). We have previously suggested, based on their
effects on CD4-induced dissociation of gp120 from gp41, that
these six residues contribute to a potential gp41-binding site on
gp120 (14). Remarkably, even though these mutations deter-
mine an sCD4 response phenotype, they did not significantly
affect sensitivity to neutralization by sCD4 (Fig. 1 and 5).

We next studied whether sequences in the V1/V2 or V3
regions contributed to sCD4 resistance. Previous reports have
demonstrated that variable regions 1 and 2 may partially mask

access to the CD4bs (31, 44). The MN-P clone has an unusual
duplication in V1, as well as a number of other mutations that
distinguish it from the V1/V2 region of MN-TCLA (Fig. 3). To
permit testing of the role of the V1/V2 region in sCD4 resis-
tance, we constructed chimera P, which consisted of MN-TCLA
sequences throughout most of the gene, except for the V1/V2
and HR1 regions that were derived from MN-P, as illustrated
in Fig. 1. Additional genes were constructed using the chimera
P backbone, by introduction of the segment containing the
seven mutations in or near the CD4bs (chimera P/7CD4bs),
four mutations (YN/NY311/12, R/K313, and T/K315 [Fig. 3])
that distinguish the proximal limb of the MN-P V3 region from
that of MN-TCLA (chimera P/V3), or both of these sets of
mutations (chimera P/7CD4bs/V3). Chimera P was only 1.9-
fold more resistant to neutralization by sCD4 than was chimera
C (Fig. 5), whereas chimera P/7CD4bs was 11.3-fold more re-
sistant. The mean 50% neutralizing concentrations of sCD4 for
chimera C, chimera P, and chimera P/7CD4bs were 16, 31, and

FIG. 3. Alignment of deduced amino acid sequences of MN-TCLA and MN-P envelopes. Regions of the envelope proteins that are indicated
schematically above the sequences include conserved regions 1, 2, 3, 4, and 5 (C1, C2, C3, C4, and C5), variable regions 1/2, 3, 4, and 5 (V1/V2, V3, V4,
and V5), fusion peptide (FP), heptad repeats 1 (HR1) and 2 (HR2), transmembrane segment (TM), and cytoplasmic tail (CT). Residues identified
by Kwong et al. as forming direct bonds with CD4 are marked by asterisks above the sequences (13). Alignment was produced with DNAStar.
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176 ng/ml, respectively. Unexpectedly, addition of V3 region
mutations to chimera P/7CD4bs, forming chimera P/7CD4bs/
V3, eliminated the neutralization resistance. These results sug-
gested a functional relationship between residues near the
CD4bs and the V1/V2 region that contributed to the sCD4
resistance of MN-P, as well as a further functional relationship
between these regions and V3.

We next considered the structure of chimera GC (Fig. 1),
which is relatively resistant to neutralization by sCD4. Chimera
GC incorporates carboxy-terminal sequences from MN-P
gp120 into chimera C. The gp120 sequences from MN-P in
chimera GC include the seven CD4bs mutations discussed
above, the V3 region mutations, one mutation thought to be
located in the center of the coreceptor-binding site (I/V426),
and four mutations localized in a loose cluster in the outer
domain of gp120 (N/K300, S/R345, S/P398, and S/N418) (Fig.
4). As shown in Fig. 5, there were only minor differences noted
in sCD4 resistance among chimeras C, C/V3, C/7CD4bs/V3, P,
P/V3, and P/7CD4bs/V3. We considered it possible, therefore,
that interactions between residues in V3 and other residues
that are mutated in chimera GC contributed to neutralization
resistance. The S/P398, S/R345, S/N418, and N/K300 outer
domain mutations were introduced sequentially and studied
for effect, as shown in Fig. 6. Among these, both the S/P398
and N/K300 mutations appeared to contribute small but sta-
tistically significant effects. The coreceptor-binding site muta-
tion I/V426 had no effect on sCD4 neutralization when intro-
duced into chimera C but had a significant effect when
introduced into chimera C/7CD4bs/V3. This mutant, chimera
C/7CD4bs/V3/426, was significantly less resistant than chimera
GC, indicating that one or more of the four outer domain
mutations were required for expression of the full phenotype
of chimera GC. Finally, the chimera GC V3 sequences were
back-mutated to the MN-TCLA V3 sequence, forming chi-
mera GC-V3. This clone was also less resistant to neutraliza-
tion than was chimera GC, indicating that V3 sequences were
required for the full neutralization resistance phenotype.
These results presented in Fig. 6 demonstrate, therefore, the
occurrence of functional interactions between the V3 region
and mutated residues in the outer domain, as well as with
residue 426 in the coreceptor-binding site.

Comparative sensitivity of clones to neutralization by
CD4bs ligands and MAbs to V3 and the coreceptor-binding
site. It was of interest to determine if the relative sensitivity of
clones to neutralization by various CD4bs ligands was consis-
tent. CD4-immunoglobulin G2 (CD4-IgG2) tends to be more
cross-reactive than sCD4 in neutralization of primary enve-
lopes but also has greater bulk, which could limit its access to
the CD4bs (47). Among various anti-CD4bs MAbs, b12 tends
to be more cross-reactive among primary envelopes. Neutral-
ization of viruses pseudotyped with the MN-P, chimera
P/7CD4bs, and chimera P/7CD4bs/V3 clones by various li-
gands is shown in Fig. 7A. The comparative neutralization of
the clones by sCD4 was generally similar to that observed with
the MAbs to CD4bs epitopes, including b12. MN-P was more
resistant to neutralization by each of the ligands than was
either of the other two clones. The greater sensitivity to neu-
tralization of chimera P/7CD4bs/V3 than of chimera P/7CD4bs
that was observed with each of the other ligands was not
observed with CD4-IgG2. These results indicated that the phe-

nomena that determined resistance to neutralization by sCD4
usually acted similarly in determining resistance to neutraliza-
tion by various CD4bs ligands and that the mechanism of re-
sistance to neutralization may not have been steric inhibition
of ligand binding.

Neutralization by MAbs to the coreceptor-binding site (17b
and 4.8d) and V3 (19b) is shown in Fig. 7B. Fifty percent neu-
tralization of the MN-P pseudotyped virus was not achieved at
the highest concentration tested of these antibodies, 2.5 �g/ml.

FIG. 4. Localization of mutations distinguishing MN-P and MN-
TCLA in the atomic structure of the gp120 core. The space-filling
model is based on the report of Kwong et al. (13). CD4 residues are
shown in green, and 17b MAb residues are shown in yellow and aqua.
Most of the gp120 residues are shown in blue, except for the residues
at which mutations distinguish MN-P and MN-TCLA, which are shown
in red. The approximate locations of the variable loops are shown as
V1 to V5. Insets indicate the portions of the trimolecular complexes
that are shown in the larger views. (A) “Front” view; (B) “back” view.
Mutated residues considered to be in or close to the CD4bs were 287,
290, 371, 372, 435, 466, and 472. Inner domain residues implicated in
the gp41-binding site are 91, 243, 245, and 249. Mutated residues in or
near the coreceptor-binding site are 219 and 426. Mutated outer do-
main residues distant from binding sites are 300, 345, 398, and 418.
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Chimera P/7CD4bs/V3 was more sensitive than chimera P/
7CD4bs to neutralization by 17b (210 versus 480 ng/ml), 4.8d
(20 versus 60 ng/ml), and 19b (16 versus 60 ng/ml). These
results indicated that the relative sensitivities of these clones to
neutralization by sCD4 and MAbs to non-CD4bs epitopes
were similar. Moreover, the functional interactions between V3
and other regions of gp120 that accounted for the comparative
sensitivity of chimera P/7CD4bs and chimera P/7CD4bs/V3
also modulated global neutralization sensitivity.

DISCUSSION

We have used genetic analyses to probe the mechanisms that
determine the global neutralization resistance phenotype of
the HIV-1 MN strain primary virus (MN-P). Previous studies
from our laboratory have demonstrated that the resistance of
HIV-1 strains to neutralization by human sera can be attrib-
uted to multiple functional interactions between various re-
gions of gp120 and gp41 (1, 10, 14, 21–23, 29, 33, 41–43, 45).

The studies presented here were initially intended to elucidate
the mechanism of resistance of MN-P to neutralization by
sCD4. The results that we obtained demonstrated that the
resistance of MN-P to neutralization by sCD4 was also deter-
mined by multiple functional interactions between regions of
gp120 and gp41. Moreover, multiple interactions that deter-
mined resistance to neutralization by sCD4 also determined
resistance to neutralization by MAbs directed against neutral-
ization epitopes on gp120, demonstrating that the mechanisms
responsible for resistance to neutralization by sCD4 pertained
more generally to the global neutralization resistance pheno-
type. As we will discuss below, analyses of the various func-
tional interactions that we identified suggest a model for inter-
preting how genetic alterations contribute to the neutralization
resistance phenotype.

The strategy that we used for analysis of the mechanism of
resistance to neutralization by sCD4 was based on consider-
ation of the localization of residues in the gp120 core structure
that are polymorphic in the MN-TCLA and MN-P strains (Fig.

FIG. 5. Mutations in and around the CD4bs contribute to sCD4 resistance in the context of MN-P V1/V2 sequences. The relative neutralizing
[sCD4] was determined for each clone as follows. The 50% inhibitory concentration of sCD4 was determined by linear regression analysis in
Microsoft Excel, as described in Materials and Methods. The relative neutralizing [CD4] was then calculated as test clone 50% inhibitory
concentration/chimera C 50% inhibitory concentration. The 50% inhibitory concentrations for MN-P and for chimera C were determined in each
experiment. The number of assays for each clone is indicated in parentheses after the clone designation. The structures of chimeras C, P, GC, and
HC are illustrated in Fig. 1. Individual clones were constructed that contained one or combinations of the seven CD4bs mutations. Chimeras
C/7CD4bs/V3, P/7CD4bs, and P/7CD4bs/V3 each contain the seven CD4bs mutations from MN-P (shown in Fig. 3 and 4) in the respective
chimeras. Chimeras C/V3, C/7CD4bs/V3, P/V3, and P/7CD4bs/V3 each contain the four MN-P V3 region mutations, shown in Fig. 3.
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4), as well as other evidence of functional interactions within
the HIV-1 envelope protein complex reported previously by
our laboratory and others. The existence of important interac-
tions between gp120 and the HR1 region of gp41 has been well
documented in our previous studies. The relevance of this
interaction to the mechanism of sCD4 resistance was estab-
lished by the results shown in Fig. 2, which demonstrated that
a substantial part, but not all, of the resistance found in MN-P
could be attributed to functional interactions between the car-
boxyl terminus of gp120 and the HR1 sequence, reflected in
chimera GC. When we examined the localization of mutations
that distinguished the carboxyl termini of MN-P and MN-
TCLA, as shown in Fig. 4, we recognized that seven of the
relevant mutations were within or very close to the CD4bs on
gp120, one was within the presumed coreceptor-binding site,
four mutations were in the V3 region, and four were on the
gp120 outer domain at sites distant from the two binding sites.
In the amino termini, there were two mutations in gp120 that

do not appear in the core structure determined by X-ray dif-
fraction, four mutations in the inner domain that we have
previously suggested may lie in the gp41-binding site, and mul-
tiple mutations in the V1/V2 segment that distinguish the two
clones. The relevance of each of these sets of mutations was
pursued in tests of a series of hypotheses. Because our previous
studies had established the importance of HR1 sequences in
determining neutralization resistance, and because the resis-
tance of chimera GC depended on HR1 sequences (Fig. 2), the
effects of various gp120 mutations were tested in the context of
MN-P HR1 sequences.

The first hypothesis that we pursued was that mutations in or
near the CD4bs mediated resistance to sCD4 neutralization. It
was surprising that introduction of the seven gp120 mutations
located in or near the CD4bs, singly or in various combina-
tions, in the context of the MN-P HR1 sequences had little or
no effect on resistance to sCD4 neutralization. Since the V1/V2
region is spatially related to the CD4bs, we also studied its
contribution to sCD4 resistance (43). Introduction of V1/V2
sequences from MN-P in the context of MN-P HR1 sequences
also had little effect. Simultaneous introduction of the seven
CD4bs mutations, V1/V2, and HR1 sequences from MN-P
substantially increased resistance to neutralization by sCD4.
Conversely, the further introduction of MN-P V3 region se-
quences into this mutant eliminated the sCD4 resistance con-
ferred by the combined presence of the other mutations. These
results demonstrated the existence of an important functional
interaction between the V1/V2 region and one or more of the
CD4bs mutations studied and a negative effect of V3 region
mutations on this interaction. As discussed further below, we
consider it likely that these functional interactions reflect struc-
tural relationships between the V1/V2 region and residues
near the CD4bs and in the V3 region. These results are con-
sistent with a previous report that demonstrated that CD4
binding affects the conformation of the V3 region (16).

Our observations also suggested a role for additional se-

FIG. 6. Resistance of chimera GC to neutralization by sCD4 de-
pends upon sequences in V3, the mutation at residue 426 in the co-
receptor-binding site, and mutations in the outer domain distant from
the CD4 and coreceptor-binding sites. The construction of chimeras C,
C/V3, C/7CD4bs/V3, and GC is described in Materials and Methods
and in the Fig. 5 legend. Mutations at residues 298, 345, 418, and 300,
in the outer domain distant from the CD4 and coreceptor-binding sites,
were introduced sequentially into chimera C/7CD4bs/V3. The V/I mu-
tation at residue 426 was introduced into both chimera C and chimera
C/7CD4bs/V3. Four mutations corresponding to the MN-TCLA V3
region sequence were introduced into chimera GC to form chimera
GC-V3. Results shown are means of three assays, each done in trip-
licate. Statistical comparisons were done using Microsoft Excel by analysis
of variance (C versus C/V3 versus C/7CD4bs/V3 versus C/7CD4bs/V3/
398 versus C/7CD4bs/V3/345/398) or Student t test (C/7CD4bs/V3/345/
398/418 versus C/7CD4bs/V3/300/345/398/418, C/7CD4bs/V3/426 ver-
sus GC, and BC-V3 versus GC). Results shown are the means and
standard deviations of three experiments, each done in triplicate. IC50,
50% inhibitory concentration.

FIG. 7. Functional interactions between V1/V2 and residues near
the CD4bs and V3 affect global neutralization resistance. The clones
MN-P (black bars), chimera P/7CD4bs (crosshatched bars), and chi-
mera P/7CD4bs/V3 (white bars) were tested for neutralization. Results
shown are averages of two assays, each done in triplicate. (A) Neu-
tralization by the anti-CD4bs ligands sCD4, CD4-IgG2, F105, F91, and
b12. (B) Neutralization by antibodies directed against the coreceptor-
binding site, 17b and 4.8d, and the V3 region, 19b. In this panel, the
maximum concentration of each antibody used was 2.5 �g/ml. There
was no neutralization of MN-P at any concentration, so the inhibitory
concentration was considered to be �5 �g/ml. IC50, 50% inhibitory
concentration.
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quences in the carboxy terminus of gp120. A mutant with the
full MN-P gp120 carboxy-terminal sequence (chimera GC) was
more resistant than was the mutant with the seven CD4bs and
four V3 mutations plus the HR1 sequences from MN-P (chi-
mera C/7CD4bs/V3). The studies presented in Fig. 6 demon-
strated that the MN-P V3 mutations actually contribute to
sCD4 resistance, when present in the context of either four
outer domain, non-binding-site mutations or a coreceptor-
binding-site mutation of MN-P. Therefore, these studies dem-
onstrated that V3 interacts widely with other structures across
the surface of the core structure of gp120.

The observations that the mutations responsible for resis-
tance to sCD4 were disseminated throughout the coding se-
quences for gp120 and gp41 led us to test whether the same
mutations may mediate global neutralization resistance. To
test this hypothesis, selected mutants were studied for sensi-
tivity to neutralization by MAbs to conformation-sensitive
epitopes in the CD4bs, CD4-induced epitopes in the putative
coreceptor-binding site, and an apical V3 conformation-sensi-
tive epitope. Selected mutants were studied, because it was not
feasible to test all mutations that contribute to sCD4 resistance
individually. Accordingly, we compared MN-P to chimeras
P/7CD4bs and P/7CD4bs/V3. These comparisons allowed eval-
uation of the effects of the functional interactions of the V1/V2
region with the CD4bs region and V3 on resistance to MAb
neutralization. We found that resistance to neutralization by

these antibodies and sCD4 corresponded well. These findings
lead us to believe that the mechanisms responsible for sCD4
resistance and the global neutralization resistance phenotypes
are largely the same.

The results of the studies presented here demonstrated that
the mechanism of MN-P resistance to sCD4 neutralization,
and likely for global neutralization resistance as well, involves
multiple functional interactions of the V1/V2 and V3 regions
across the surface of the gp120 core structure. The extents of
these interactions are illustrated in Fig. 8. Ovals representing
the approximate genetic footprints of each of the two loop
structures are shown overlaid on the gp120 core. The footprint
of the V1/V2 region extends from the stalk of the double loop
to the area near the CD4bs and includes interaction with V3.
The footprint of V3 extends from the stalk of the loop and
includes interaction with V1/V2, with the outer domain muta-
tions distant from the binding sites and with residue 426 in the
coreceptor-binding site. Our data do not define structural fea-
tures of the envelope complex. However, the findings suggest
the possibility that the V1/V2 and V3 loop structures may
mediate functional interactions at distances among the CD4,
coreceptor-, and gp41-binding sites. Binding of CD4 to the
CD4bs may induce conformational changes in V1/V2 and gp41
that cause sequential changes in V3 required for coreceptor
interaction. The transmission of signals in this manner could
well complement changes in the conformation of the gp120

FIG. 8. Schematic representation of the functional interactions of the V1/V2 and V3 regions and gp41 over the surface of gp120. The view is
the same as the “front” view in Fig. 4A. The cysteine residues at the stalks of the V1/V2 and V3 loops are shown in magenta, and red arrows
highlight their locations. See the text for an explanation.
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core structure that result from the binding energy changes
associated with CD4 interaction. Such an effect might well
explain how mutations that are apparently on opposite ends of
the complex, such as in the gp41 HR1 and at residue 426 in the
coreceptor-binding site, might display very strong functional
interactions. The binding of gp120 to each of its ligands results
in conformational changes that are transmitted throughout the
gp120 core. A reasonable interpretation of our results is that
the interactions with the ligands also result in conformational
changes, such that functional signals are transmitted across the
surface of the complex. We conclude that the primary virus
neutralization resistance phenotype evaluated in the present
study is the capacity of the HIV-1 envelope complex to un-
dergo various conformational changes, resulting in high-effi-
ciency infectivity. This model may provide a basis for under-
standing the nature of epitopes that are important for primary
virus neutralization and for designing methods for stabilizing
particular conformations of the envelope complex.
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